Introduction
============

Long-term reactions to trauma are extremely diverse. Some people exposed to an extreme traumatic event exhibit only time-limited distress and remember it without an excessive emotional response. Others, exposed to the same event, might continue to intrusively re-experience it and consequently qualify for a diagnosis of posttraumatic stress disorder (PTSD). This pathological reaction to trauma is generally accompanied by a range of distress symptoms, including hyperarousal, negative mood alterations and avoidance of trauma reminders. The prevalence of different long-term responses to trauma and their synergic features are quite variable among different PTSD patients. Although many sufferers exhibit mostly fear-based symptoms, some may demonstrate a more anhedonic or dysphoric phenotype.^[@bib1]^ However, unlike other anxiety and mood-based disorders accompanied by similar characteristics, the core criteria for the diagnosis of PTSD necessitate the occurrence of an external traumatic event as a reference point for the onset of the symptoms. Seminal progression of PTSD was therefore suggested to evolve from the associations formed during the traumatic situation itself and their subsequent consolidation, accordingly ascribing it as a memory-related disorder.^[@bib2],\ [@bib3]^ Intrusive and aversive recollections, prominent symptom of PTSD, allegedly develop from over-consolidation of emotions associated with the trauma and their subsequent resistance to extinction over time.^[@bib4],\ [@bib5]^ The recalling of trauma-related emotions through intrusive thoughts and flashbacks is very different from the recall of other emotional memories. Unexpectedly triggered by internal or external cues, such flashbacks are often experienced by PTSD patients as mere fragments of the emotions that accompanied the trauma.^[@bib6],\ [@bib7]^ These unique characteristics may imply that involuntary recollections of trauma-related emotions in PTSD is further induced through fundamental dysfunctions in processes of memory retrieval,^[@bib8]^ which seminally shape the progression of individual trauma response, and subsequent sequela subtypes.^[@bib9]^

At the neurobiological level, PTSD is often conceptualized in terms of excessive conditioned fear, mediated by the activation and connectivity of fear processing limbic regions, such as the amygdala, hippocampus and the medial prefrontal cortex (mPFC). Hyper-responsivity of the amygdala and mPFC is suggested to mediate fear generation^[@bib10],\ [@bib11]^ and consequently account for the hyperarousal symptoms in PTSD.^[@bib12]^ Poor connectivity between the hippocampus and mPFC can lead to impaired fear inhibition^[@bib11],\ [@bib13]^ and is suggested to account for symptoms of re-experiencing and avoidance.^[@bib12]^ Additionally, different extremes of inter-regional regulation within this circuitry are suggested to account for the wide-scale diversity in trauma responses, or subtypes, observed in PTSD.^[@bib14]^ According to this, failure of amygdala inhibition due to low mPFC activation is associated with under-modulation of emotion and a more anxious, fear-based phenotype. In contrast, increased activation of the mPFC and hyper-inhibition of the amygdala is associated with over-modulation of emotion and the more anhedonic or dysphoric-based phenotype.^[@bib9]^ However, these interpretations mainly relay on low-resolution data of imaging studies in humans, which are unable to detect the microanatomy of the mPFC--amygdala--hippocampus circuitry, as well as distinguish between excitatory projections and activation of inhibitory interneurons.^[@bib15]^ Further understanding of the interrelations within this circuitry and their possible function in different types of response to trauma require the additional use of complementally research approaches.

In basic research, Pavlovian fear conditioning is commonly used in rodents to model and elucidate different aspects of PTSD. In this paradigm, animals are initially trained to associate a novel cue or context with a fear-inducing stimulus, such as foot shock. Following these pairings, exposing animals with only the cue while measuring stereotypic behavioral responses (such as mobility or exploration) enables the assessment of associative learning of fear and its neural implications.^[@bib11]^ However, in most animal studies, fear response to the presentation of the reminder cue is evaluated as an expression of the dichotomist effect of the exposure variable, regardless of variations in individual response.^[@bib16],\ [@bib17]^ According to this, indications for a pathological-like response are generally inferred from significant differences in the average of the behavior assessed, when compared between exposed and non-exposed populations. As a result of such deduction process, fear condition models in rodents frequently fail to mimic the diverse facets of the human reaction to trauma.^[@bib18],\ [@bib19]^ Thus the intriguing divergence of symptom characteristics observed in the different phenotypes of PTSD, and their potential neural correlates, are not presented in current PTSD models in rodents.

In order to address this gap, we initially exposed adult male rats to an extreme stress in the underwater trauma (UWT) model^[@bib20],\ [@bib21],\ [@bib22],\ [@bib23],\ [@bib24]^ and used novel behavioral assessments to measure long-term alterations in their hedonic and fear responses (for details, see [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). An individual profiling approach was then implemented to analyze these assessments and screen for possible phenotypes of stress response, revealing the existence of three distinct behavioral sub-groups; an affected anxious, fear-based subtype; an affected co-morbid, fear-anhedonia subtype; and an exposed-unaffected group. We then used dual-label immunohistochemistry to specify the involvement of emotion-processing limbic areas in these different behavioral subtypes during their exposure to a contextual reminder. Expression of c-Fos, as a marker for neuronal activity, and co-labeling of the GAD67 indicator for GABAergic cells were used to evaluate the activity in the mPFC--amygdala--hippocampus circuit, as well as in areas conveying it basic fear information, as the periaqueductal gray (PAG),^[@bib25],\ [@bib26]^ and pleasure, as the nucleus accumbens (NA).^[@bib27],\ [@bib28]^ As interconnectivity within this circuitry is suggested to influence individual trauma responses, regional co-activation patterns in the different phenotypes were further modeled at the network level. We then evaluated prominent variations in the patterns of the affected phenotypes in light of neurocognitive hypotheses of network dysregulation as an alternator of symptom profiles in PTSD^[@bib9]^ and as key contributor to the development of posttraumatic depression.^[@bib29]^

Materials and methods
=====================

Subjects
--------

Forty-six adult male Sprague Dawley rats (8--9 weeks old) weighing 250--275 g (Harlan, Jerusalem, Israel) at arrival were habituated in the laboratory vivarium for 5 days. Animals were housed two per cage in a temperature-controlled (23 °C±1 °C) animal quarters on a 12:12-h light--dark cycle (lights on at 0700--1900 hours). They had *ad libitum* access to standard rodent chow pellets and water.

Behavioral protocols
--------------------

### Water-associated zero maze (WAZM)

The WAZM is a transformation of the elevated zero maze to an integrated wet and dry context (see [Supplementary Figure S1a](#sup1){ref-type="supplementary-material"}; for further details of this apparatus, see Ritov and Richter-Levin^[@bib30]^). This apparatus enables the formation of an association of the maze with an UWT, and by that, the assessment of complex behaviors during re-exposure to the context which immediately precedes a traumatic experience. For the tests, rats were first habituated to the room for 2 min and then were placed into one of the open arms facing a closed part of the apparatus. Rats were allowed to explore the arena for a 5-min session. During this time, rats\' behavior was tracked, recorded and analyzed by the Etho-Vision system (Noldus Information Technology, Wageningen, The Netherlands). Behavioral measures included the time spent in the open arms, distance traveled in the open arms, distance traveled in the closed arms and total freezing.

UWT stress
----------

Animals were randomly assigned to either control or UWT conditions. The UWT stress was carried out immediately after the fourth habituation. UWT rats were lifted from the dry arms, placed in the aquatic center of the WAZM (containing water at 22 °C±2 °C, 50 cm deep) and submerged under water for 45 s, using a special metal net (20 × 10 × 15 cm^3^). After the procedure, the animals were dried briefly and returned to their housing cages. This procedure is known to acutely and enduringly increase anxiety-like behavior^[@bib20],\ [@bib21],\ [@bib23],\ [@bib24]^ without any tissue damage.^[@bib22]^ The procedure did not cause any loss of life or changes in body weight compared with control.

Continuous saccharine preference (CSP) test
-------------------------------------------

The CSP test enables a fine measurement of consumption behavior over a long period of time without the need for water deprivation, single housing or interruption of transferring to a test cage. Beginning with the ninth day of the experiment, all rats were placed in a home cage suited for the CSP. In this apparatus, animals are held two in a cage, with a perforated partition separating between them (see [Supplementary Figure S1b](#sup1){ref-type="supplementary-material"}). The perforated separation enables a level of social interaction but separates the use of two sets of two burettes (one filled with water and the other with 0.03 mg l^−1^ saccharine), thus enabling to continuously follow the individual saccharine preference for each animal.

Experimental procedures
-----------------------

In this study, identical behavioral procedures were repetitively performed for six times on consecutive batches (*n*=8 each). Illustrated in [Supplementary Figure S1c](#sup1){ref-type="supplementary-material"}, all rats were initially habituated to the context of the WAZM using four consecutive daily exposures to a 5-min testing. Only at the beginning of the fourth day habituation, rats were randomly assigned to one of the two experimental conditions. In the UWT condition (UWT; *n*=34), rats were exposed to the testing and immediately after the UWT stress of 45-s restrain under water in the WAZM center. In the control condition (\'control\' *n*=12), rats were exposed to testing and immediately returned to their housing cages. During the next 27 days, rat\'s saccharin preference was measured every third day. On the thirty-first day, all rats were re-exposed to the WAZM test as a contextual reminder by a blind experimenter. Habituation procedures and replenishment of saccharin were performed between 1000 and 1700 hours. As long-term responses to stress were shown to be significantly affected by the time at which the exposure occurred,^[@bib31]^ the UWT exposures were consistently conducted between 1100 and 1400 hours throughout the experiments. All experimental procedures performed adhered to the NIH Guide for the care and use of laboratory animals and were approved by the University of Haifa ethical committee.

Behavioral profiling
--------------------

This analysis was based on the within-group variablility of animals behavior in order to establish distinct profiles of altered behaviors. Classification criteria were defined according to the control group distribution. The different criteria relied on the upper or lower 20th percentiles of control\'s anxious-like (fear responses in the WAZM) and anhedonic (averaged assement in the CSP) behaviors.

### Individual profiling according to anxious-like behaviors

Group means indicated that on the thirty-first day UWT rats spent significantly less time and traveled less distance in the open arms of the maze and spent significantly more time freezing but did not differ significantly from control rats in the distance moved in the closed arms ([Figures 1b--e](#fig1){ref-type="fig"}). A 20th or 80th percentile criteria was then set in accordance with control\'s distribution for each behavior (dashed gray line in [Figures 1b--e](#fig1){ref-type="fig"}). Every individual rat that demonstrated a behavior that crosses this criteria got a score for being 'affected\' on that single behavior (lower than 20th percentile for time spent in the open arms and distance traveled in the open and closed arms; higher than 80th percentile for time freezing). When a rat got three 'affected\' scores out of the four assessments for anxious-like behavior, it was classified as an affected anxious rat.

### Individual profiling according to anhedonic behavior

Group means indicated that control and UWT rats have a similar average consumption of saccharin ([Figure 1f](#fig1){ref-type="fig"}). A 20th percentile criterion was then set in accordance with control\'s distribution (dashed gray line in [Figure 1f](#fig1){ref-type="fig"}). Every individual UWT rat that demonstrated a behavior that does not cross this criterion got a score for being anhedonic and was classified as an affected anhedonic rat.

### Final classification

Anxiety-based profiling and anhedonic-based profiling were combined together among all rats. As shown in [Figure 1g](#fig1){ref-type="fig"}, this revealed three different categories of reaction style among UWT rats: an affected, clear anxious phenotype (*n*=13), a co-morbid, anxious and anhedonic, affected phenotype (*n*=5), and an additional exposed-unaffected group (*n*=16).

Immunohistochemistry
--------------------

Ninety minutes after the onset of the contextual reminder, rats were anesthetized with an overdose of sodium pentobarbital (CTS, Kiryat Malachi, Israel) and perfused intracardially with ice-cold saline followed by 4% paraformaldehyde in 0.1 [m]{.smallcaps} phosphate-buffered saline (PBS; pH 7.4). The brains were removed and stored in the same fixative for 24 h at 4 °C and subsequently immersed in 30% sucrose at 4 °C. Brains were then frozen in powdered dry ice and stored at −80 °C until sectioning. Coronal sections (30 μm) containing relevant regions were cut using a cryostat (Leica Microsystems, Wetzlar, Germany) at −20 °C and collected in PBS for immunohistochemical processing.

Free-floating sections were washed (three times for 10 min each) in PBS and incubated for 15 min in Background Sniper (Biocare Medical, Concord, CA, USA). Sections were then incubated with the primary antibodies for c-Fos and GAD67 (rabbit anti c-Fos: 1:1000 dilution, Cell Signaling Technology, Danvers, MA, USA, catalog no. 2250S; mouse anti GAD67: 1:400, EMD Millipore, Billerica, MA, USA, catalog no. MAB5406) in 3% bovine serum albumin in PBS with 0.3% Triton X-100 (PBST) for 1.5 h on a shaker at room temperature followed by an overnight incubation at 4 °C. On the next day, sections were washed (three times for 10 min each) in PBS and incubated on a shaker for 1 h with the secondary antibody Alexa Fluor 488 and Alexa Fluor 555 (1:1000 dilution, Invitrogen, Waltham, MA, USA) in PBST at room temperature. Finally, sections were washed in PBS, mounted on gelatin-coated slides, air-dried and coverslipped with Gel Mount (Sigma-Aldrich, Rehovot, Israel).

Fluorescent images were taken with a Zeiss AxioScope.A1 (Carl Zeiss, Jena, Germany) equipped with a digital camera AxioCam MRc (Carl Zeiss) using a × 10 objective. Labeled immunoreactive cells were quantified bilaterally and averaged from three different sections containing relevant regions for each rat. Sampled areas were about 1 mm^2^, and the number of labeled cells was manually counted in a blind manner using the ZEN lite 2012 software (Carl Zeiss).

Statistical analysis
--------------------

Data were analyzed using the IBM SPSS Statistics Software (IBM, Armonk, NY, USA). Shapiro--Wilk test of normality and Levene\'s test for homogeneity of variance were utilized for inclusion in parametric tests. No animals were excluded from the behavioral analysis (*n*=46), yet a total of 4 brain samples were lost owing to bad perfusion and excluded from the immunohistochemical analysis. Two-tailed *t*-tests were used for initial comparisons between control and UWT rats. Following the individual profiling classification, one-way analysis of variance (ANOVA) with Bonferroni *post-hoc* (*P*\<0.05) was used to compare group means. Linear regression and two-tailed Pearson test were used to assess relations and were considered significant when *P*\<0.05.

### Multidimensional scaling analysis (MDS)

MDS refers to a family of algorithms that operate on multiple measurements basing on data similarity to create proximities. The output of MDS is a configuration of objects embedded in a multidimensional space. It is used in many research fields to explore the inner structures within complex data such as object perception and mental representation in cognitive psychology.^[@bib32],\ [@bib33]^ In this study, normalized excitation data (*Z*-scores) were analyzed using the SPSS ALSCAL MDS to create Euclidean distances from the *Z*-score of regional excitations and a metric space of simultaneous excitation similarities. Kruskal\'s STRESS was used for a goodness-of-fit measure with a \<0.1 value threshold. R-square represents the proportion of variance accounted for by the MDS procedure.

Results
=======

UWT affects long-term reactions to contextual reminders
-------------------------------------------------------

To evaluate the long-term effects of extreme stress exposure, we employed a contextual fear conditioning protocol using the WAZM model.^[@bib30]^ Following 4 days of habituation to the maze, test rats (UWT) were exposed to an UWT stress in the aquatic center of the WAZM (for further details, see [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). No differences were found between the behavior of control and UWT rats before this pairing (see [Supplementary Figures S2a--d](#sup1){ref-type="supplementary-material"}). One month after the conditioning, all rats were re-exposed to the WAZM test as a contextual reminder. Analyses of rats\' fear response during this contextual re-exposure revealed significant differences between the control and UWT groups in the time spent in the open arms (*t*~(44)~=2.4, *P*\<0.05; [Figure 1b](#fig1){ref-type="fig"}), distance traveled in the open arms (*t*~(44)~=2.4, *P*\<0.05; [Figure 1c](#fig1){ref-type="fig"}) and total freezing (*t*~(44)~=3.5, *P*\<0.01; [Figure 1e](#fig1){ref-type="fig"}). With regard to the safer areas of the maze, control and UWT rats did not differ significantly in the distance traveled in the closed arms (*t*~(44)~=1.7, *P*\>0.11; [Figure 1d](#fig1){ref-type="fig"}). Hedonic behavior over a long period of time was analyzed using the CSP test (see [Supplementary Figure S1b](#sup1){ref-type="supplementary-material"}). Assessment of average saccharin preference during the 4-week interval between the UWT and the context re-exposure revealed no significant between-group effects (*t*~(44)~=0.13, *P*\>0.9; [Figure 1f](#fig1){ref-type="fig"}).

Individual profiling classification reveals different subtypes of stress response in rats
-----------------------------------------------------------------------------------------

In order to profile altered behaviors within the variablility of the study population, anxious-like behavior in the WAZM and hedonic behavior in the CSP were categorized according to the control group distribution.^[@bib17]^ Determination of the classification criteria was based on the lower 20th percentiles of control\'s distribution for time spent in the open arms (\<10.88 s), distance traveled in the open arms (\<86.9 cm) and distance traveled in the closed arms (\<539 cm) during the context of re-exposure, as well as average saccharin preference in the CSP test (\<0.3 ratio). For determination of the freezing criterion, the classification was based on the upper 20th percentile of control\'s distribution (\>34.4 s). Rats were then individually discerned for each of the single criterion ([Figures 1b--f](#fig1){ref-type="fig"}). For anxious-like behavior classification, every rat that demonstrated a behavior profile that falls within a minimum of three out of the four criteria of fear behaviors in the WAZM was classified as an affected anxious (*n*=18; [Figure 1g](#fig1){ref-type="fig"}). Rats were than discerned for anhedonic behavior. Every individual rat that demonstrated a behavior that does not cross the criteria for average saccharin preference in the CSP test (that is, \<0.3 ratio) got an additional score for being anhedonic ([Figure 1f](#fig1){ref-type="fig"}). The final classification combined the anxious-like and anhedonic profiling by discerning every individual rat for falling within the criteria of affected anxious alone, anhedonic alone or both. As depicted in [Figure 1g](#fig1){ref-type="fig"}, this final classification revealed two different subtypes of affected style among rats exposed to UWT: an affected fear-based anxious phenotype and an affected co-morbid anhedonic phenotype, with an additional exposed unaffected group.

Altered activation of emotion-processing regions in different subtypes of affected style
----------------------------------------------------------------------------------------

We initially assessed the activation in the sub-regions of the mPFC, NA, amygdala, hippocampus and PAG ([Figure 2a](#fig2){ref-type="fig"}) in the different subtypes of affected style. Immunohistochemical assessment of c-Fos expression as a marker of cellular activity and GAD67 dual-labeling as a marker for active inhibitory GABAergic cells was used to calculate regional activation (total c-Fos-expressing cells) and activation of inhibition (total GAD67-labeled cells expressing c-Fos; [Figure 2b](#fig2){ref-type="fig"}). The results of this assessment indicated that the classification of rats to different affected behavioral style has functional correlates of activation and inhibition in the limbic system. One-way ANOVAs found significant effects between the response subtypes in UWT and control rats in the prelimbic (PL; c-Fos: F~(3,38)~=5.4, *P*=0.003; dual-labeled (DL): F~(3,38)~=5.4, *P*\<0.001) and infralimbic (IL; c-Fos: F~(3,38)~=8.9, *P*\<0.001; DL: F~(3,38)~=4.7, *P*=0.007) divisions of the mPFC ([Figure 2c](#fig2){ref-type="fig"}), central (CeA; c-Fos: F~(3,38)~=16.3, *P*\<0.001; DL: F~(3,38)~=2.6, *P*=0.064) and basolateral (BLA; c-Fos: F~(3,38)~=6, *P*=0.002; DL: F~(3,38)~=6.8, *P*=0.001) nuclei of the amygdala ([Figure 2b](#fig2){ref-type="fig"}). As can be seen in [Figure 3](#fig3){ref-type="fig"}, significant group effects were found in the dorsal hippocampus cornus ammonis 3 (dCA3; c-Fos: F~(3,38)~=8.5, *P*\<0.001; DL: F~(3,38)~=2.9, *P*=0.050) and dentate gyrus (DG) (dDG; c-Fos: F~(3,38)~=3.8, *P*=0.019; DL: F~(3,38)~=5.9, *P*=0.002) layers ([Figure 3a](#fig3){ref-type="fig"}), as well as in its ventral cornus ammonis 1 (vCA1; c-Fos: F~(3,38)~=5.9, *P*=0.002; DL: F~(3,37)~=13.4, *P*\<0.001), CA3 (vCA3; c-Fos: F~(3,37)~=5.5, *P*=0.003; DL: F~(3,37)~\<1) and DG (vDG; c-Fos: F~(3,38)~=15.6, *P*\<0.001; DL: F~(3,38)~=6.9, *P*=0.001) layers ([Figure 3b](#fig3){ref-type="fig"}). Finally, significant effects between the subtypes of response and control rats were found in the NA core (NAc; c-Fos: F~(3,38)~=5.9, *P*=0.002; DL: F~(3,38)~=1.9, *P*=0.148) and shell (NAs; c-Fos: F~(3,38)~=8.1, *P*\<0.001; DL: F~(3,38)~=6.8, *P*=0.001) ([Figure 4a](#fig4){ref-type="fig"}), as well as in the PAG\'s dorsal (dPAG; c-Fos: F~(3,38)~=9.6, *P*\<0.001; DL: F~(3,38)~\<1) and ventral (vPAG; c-Fos: F~(3,38)~=15.1, *P*\<0.001; DL: F~(3,38)~=1.2, *P*=0.332) divisions ([Figure 4b](#fig4){ref-type="fig"}).

Limbic network patterns of activity shift in accordance with the behavioral response
------------------------------------------------------------------------------------

In order to test the hypothesized contribution of differential modulation within the mPFC--hippocampus--amygdala circuit to the diversity of stress response,^[@bib9]^ we implemented further analyses to characterize the network pattern of activity in each behavioral subtype. At first, we evaluated whether the defined types of responses are reflected in the ratio of activity within the different regions. For this, the count of activated non-GABAergic cells was divided by the count of activated GABAergic cells (that is, DL count). One-way ANOVAs with Bonferroni *post-hoc* correction confirmed that nearly all intra-regional ratios were significantly affected by the type of response (detailed comparisons can be found in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). We then depicted the prominent effects at the network level. Every intra-regional ratio that significantly differed from the mean ratio of control was marked as either higher excitation or higher inhibition to present the dominant state of activity within the region. As illustrated in [Figure 5](#fig5){ref-type="fig"}, this has revealed a prominent shift in the intra-regional ratio of activity of the affected phenotypes. Although the pattern of unaffected rats was rather similar to control ([Figure 5a](#fig5){ref-type="fig"}), the affected phenotype patterns involved intra-regional ratios of dominant excitation in the amygdala, ventral hippocampus and PAG. Furthermore, there were also differences between the two affected phenotypes; in the anxious phenotype, dominant excitation was evident in the dorsal CA3, ventral CA1, DG, PAG and both nuclei of the amygdala and NAc ([Figure 5b](#fig5){ref-type="fig"}). In the anhedonic phenotype, dominant excitation was evident in the ventral CA1 and PAG, CeA nuclei and IL ([Figure 5c](#fig5){ref-type="fig"}).

Next, we depicted the alterations in the degree of inhibitory and excitatory activation at the network level. For inhibitory activation, every DL count that significantly differed from control was normalized to the relevant control\'s group mean (that is, (individual DL count−control mean DL count)/overall s.d.). As shown in [Figure 5d](#fig5){ref-type="fig"}, the unaffected type of response was associated with an increase, compared with control, of inhibitory activation in the PL, BLA, dCA3 and vDG. In contrast, in the affected phenotypes no substantial inhibitory activation pattern alterations were found. The anxious type of response was associated with a decrease in inhibition only in the vCA1 ([Figure 5e](#fig5){ref-type="fig"}), while the co-morbid anhedonic type was found to be associated with an increased inhibition in the PL and dCA3 ([Figure 5f](#fig5){ref-type="fig"}). For the degree of excitatory activation, we first compared the counts of activated non-GABAergic cells (that is, excitatory activation) in the different regions between the different groups. One-way ANOVAs with Bonferroni *post-hoc* correction revealed prominent group effects for the degree of excitatory activation as nearly all regions were significantly affected by the type of behavioral response, thus confirming the relevance of the behavioral profiling approach we have employed (detailed comparisons can be found in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). We then used linear regressions to evaluate if the degree of this excitatory activation measure relates to fear memory retrieval and assessed its predictive power in comparison to the initial measure of overall activation (total c-Fos). As it was previously suggested that the expression of fear behavior, during the retrieval of a contextual fear memory, is mediated by the PL,^[@bib10],\ [@bib11],\ [@bib25]^ BLA^[@bib13],\ [@bib26],\ [@bib30]^ and ventral DG,^[@bib24],\ [@bib34],\ [@bib35]^ we evaluated the relation between this circuitry and the degree of freezing during the WAZM re-exposure. These analyses revealed that, in comparison to the initial measure for overall activation, the excitatory activation relates more directly to the specific expression of learned fear ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}). Moreover, the excitatory activation model linked the strength of the relationship between PL--BLA--vDG circuit activity and degree of freezing to the characteristics of the groups. Thus, in the control rats, for which the context was not paired with any significant stimulus, the PL--BLA--vDG excitation had no significant outcome (F\<1), with the circuit\'s activity predicting \<7% of the variance in their freezing. In contrast, in the UWT rats, for which the context was paired with an uncontrollable near-drowning experience, the strength of the relationship shifted in an ordinal manner. In the unaffected group, the model implied for a weak, insignificant relation (F\<1), with their PL--BLA--vDG excitation predicting 21% of the variance in their freezing. In the anxious phenotype, the PL--BLA--vDG excitation had a strong significant effect (F=5.1, *P*=0.03), predicting \>65% of the variance in their freezing. Interestingly, for the anhedonic phenotype group, high predictive power was found for their model (accounting for 89% of the variance in their freezing), though given the small size of this group it did not reach a significant level (F=2.5, *P*=0.4). To more visually be able to appreciate the network-level effect, we then illustrated the alterations in the patterns of excitation ([Figures 5g--i](#fig5){ref-type="fig"}). For this analysis, only regional excitations that significantly differed from the control\'s group mean were used ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). Relevant degrees of excitation were normalized to the control group mean (that is, (individual degrees of excitation−control mean degrees of excitation)/overall s.d.) and clustered to exemplify major alterations in the patterns of excitatory activity. In contrast to the patterns of inhibitory activation, this has revealed a prominent shift in the excitation degree patterns of the affected phenotypes ([Figures 5g--i](#fig5){ref-type="fig"}). Although the pattern of unaffected rats was rather similar to control ([Figure 5g](#fig5){ref-type="fig"}), the affected phenotype patterns involved a general increase in the degree of excitation in the amygdala, ventral hippocampus and PAG. Furthermore, differences could be found between the affected phenotypes, such that in the anxious phenotype a distinct increase was evident in both ventral and dorsal CA3, accompanied with a distinct decrease in dDG excitation ([Figure 5h](#fig5){ref-type="fig"}), whereas in the anhedonic phenotype a distinct increase was found in the NAs excitation ([Figure 5i](#fig5){ref-type="fig"}).

At the final step, we explored the degree of coordinated co-activity within the patterns of excitation of the different exposed subtypes and control rats. We used MDS to model the network level of co-activity and illustrate the possible patterns of simultaneous excitations in all regions together. The primary outcome of this descriptive analysis is visualized through a two-dimension distance matrix, in which the data, that is, excitation of the sub-regions, are represented as points. These points are arranged in such a way that their distances correspond to the overall similarities in their pattern of excitation.^[@bib33]^ Coordinated co-activity between regions is represented by points that are close to each other, whereas disorganized co-activity is represented by points that are far apart.

Separately conducted for each group, the MDS analyses produced utterly different matrices of co-activity within the network for each group subtype. As shown in [Figure 6](#fig6){ref-type="fig"}, an exposure to a contextual reminder associated with a disseminating shift in the network coordination among all UWT rats, including in the exposed, unaffected group. In the affected anxious rats\' group, the dorsal CA1 and DG were grouped with the mPFC, NA and dorsal PAG, while the ventral regions of their hippocampus were grouped with the ventral PAG and amygdala ([Figure 6c](#fig6){ref-type="fig"}). Such a pattern is in line with the hypothesized effects of stress on dorsal and ventral hippocampus functions^[@bib34],\ [@bib35]^ and our previous report of ventral hippocampus and amygdala coordination during the recollection of an UWT experience.^[@bib24]^

Differing from the pure anxious phenotype, the anhedonic rats\' matrix revealed a unique separation within the network, involving a distinct distancing between the amygdala and the rest of the limbic system ([Figure 6d](#fig6){ref-type="fig"}). In addition, the anhedonic phenotype co-activity pattern was found to be associated with an exclusive separation between the PL and IL divisions of the mPFC ([Figure 6d](#fig6){ref-type="fig"}). These characteristics seem to follow the 'high anxiety trait to depression\' model suggested by Sandi and Richter-Levin.^[@bib29]^ According to this model, among individuals with high anxiety trait an enhanced amygdala reactivity to stress exposure produces long-term disruptions in mPFC regulation and a negative mood bias. In time, this progressive mPFC dysregulation can synergize with the trait for heightened fear responses and gradually result in posttraumatic depression. To evaluate the validity of these predictions, we conducted a series of tests to compare pretrauma anxious-like behavior between the groups and to assess its relation to posttrauma anhedonia. Retrospective measures of freezing during the day 4 context habituation were used to assess basic, pre-trauma, fear responses. One-way ANOVA showed that anhedonic rats had a mildly significant trend of enhanced freezing behavior during the pretrauma habituation to the WAZM (F~(3,41)~=2.5, *P*=0.072; [Figure 7a](#fig7){ref-type="fig"}). Pearson correlation tests were then used to assess the relation between this basic fear response and the repeated assessments of saccharin consumption. In accordance with the predictions of Sandi and Richter-Levin\'s model,^[@bib29]^ we found that pretrauma freezing correlated with posttrauma saccharin preference only among the anhedonic rats. As shown in [Figure 7c](#fig7){ref-type="fig"}, this effect showed development over time, as the correlation coefficients evolved over the 1-month interval, nearly reaching linearity for the final CSP assessments (day 27: *r*=−0.95, *P*=0.014; day 31: *r*=−0.94, *P*=0.017). Finally, Pearson correlation tests were used to assess the inter-relations within the degree of excitation of the mPFC and amygdala sub-regions in the different groups. As depicted in [Figure 7d](#fig7){ref-type="fig"}, significant direct correlations between the PL and IL of the mPFC were found only in the control (*r*=0.7, *P*\<0.05) and unaffected (*r*=0.75, *P*\<0.01) rats. No significant correlations were found between the PL and IL of the mPFC among the anxious (*r*=0.28, *P*=0.37) or anhedonic (*r*=−0.42, *P*=0.48) phenotypes. With regard to the amygdala, significant direct correlations between the BLA and CeA were found among the control rats (*r*=0.67, *P*\<0.05) and among the affected anxious (*r*=0.77, *P*\<0.01) and anhedonic (r=0.93, *P*\<0.05) phenotypes, but not among the unaffected rats (*r*=0.52, *P*=0.054) ([Figure 7d](#fig7){ref-type="fig"}).

Discussion
==========

It was previously shown that a single episode of acute underwater stress increases anxious-like behaviors and differentially affects the dorsal and ventral layers of the hippocampus, both at the short^[@bib24]^ and long term^[@bib36],\ [@bib37]^ after trauma exposure. By introducing an individual profiling approach, which models the diagnostic criteria of PTSD in rats,^[@bib16],\ [@bib17],\ [@bib38]^ to underwater stress-exposed rat population, we have identified an affected, extremely anxious, sub-group with an occurrence rate of 53%. This prevalence highly resembles the probability for males to meet full PTSD diagnosis following severe trauma exposure, as combat or rape (\~40--60%).^[@bib39]^ Furthermore, combining both anxious-like and anhedonic behavioral assessments enabled us to discern between different subtypes of reaction style and specify two phenotypes of affected rats, an utterly fear-based anxious phenotype and a co-morbid anhedonic phenotype. This diversity within affected rats\' responses is similar to the psychiatric acknowledged symptom range of more anxious---fear based---or more anhedonic---dysphoric responses---to trauma,^[@bib1]^ as well as phenotype variety in PTSD patients.^[@bib14]^

Disregarding the pattern of different symptoms, by grouping of all patients in PTSD research, has been suggested to limit the understanding of posttraumatic psychopathology and its neural correlates.^[@bib9]^ The significant differences we found between the different subtypes of stress response, and control rats, in activation and inhibition of different regions further validates the individual profiling approach and the functionality of its behavioral classifications.

Combining this classification with the characterization of the network ratio of excitation revealed a fundamental difference between the activity patterns of the unaffected rats and the affected anxious or anhedonic phenotypes, thus,allowing us to characterize the neural systems that correlate with each affected phenotype. Among all affected rats, a significant increase in the degree of excitation was observed in the amygdala, ventral hippocampus and PAG. This is in line with previous suggestions regarding stress effects on the ventral hippocampus^[@bib34],\ [@bib35]^ and its involvement in long-term anxious reactions to UWT.^[@bib36],\ [@bib37]^ Nevertheless, notable excitations, differentiating between the more anxious and anhedonic phenotypes, were observed in the dorsal hippocampus and NA. The clear anxious phenotype was associated with a distinct excitatory activity in the dorsal CA3 and NAc ([Figure 5b](#fig5){ref-type="fig"}). These findings of distinctive alterations in maps of brain activity between the behaviorally categorized phenotypes lands important support to the functional significance of the behavioral profiling approach.

It has long been suggested that the attention of research regarding the aftermath of stress exposure should be shifted from focusing on the effects of stress on specific brain regions to a more system-level approach that emphasizes possible modification of inter-region interactions.^[@bib6],\ [@bib9],\ [@bib10],\ [@bib12],\ [@bib14],\ [@bib26],\ [@bib29],\ [@bib34],\ [@bib40]^ In line with this perspective, we found that an exposure to a contextual reminder 1 month after UWT was accompanied by a disperse shift in the pattern of co-activity within the limbic network ([Figures 6b--d](#fig6){ref-type="fig"}). Interestingly, again, a number of notable differences were observed between the descriptive matrices of the affected phenotypes. In the anxious rats, who showed an increased amygdala and ventral hippocampus excitation ([Figures 5b and h](#fig5){ref-type="fig"}), dorsal hippocampus activity coordinated with the mPFC and NA, yet desynchronized with the ventral hippocampus. In contrast, ventral hippocampus activity was coordinated with amygdala activity ([Figure 6c](#fig6){ref-type="fig"}). This is consistent with our previous report of a specific pattern of neural activation during the recollection of UWT experience, involving ventral hippocampus and amygdala synchronization.^[@bib24]^ With regard to psychiatric theories of PTSD phenotypes, such a disorganized pattern of co-activity partially corresponds to the suggested role of emotion under-modulation in the re-experiencing, more anxious phenotype of PTSD.^[@bib9]^

It is important to note that the co-morbid group, classified as anhedonic, was rather small (*n*=5). Therefore, any conclusions inferred from its data should be considered with caution. Nevertheless, the occurrence rate of this condition among the overall affected anxious rats in our study was 27.8% (5/18). This is similar to the reported rate of co-morbid major depression occurrence (23%) among PTSD patients.^[@bib41]^ As in the anxious phenotype, the anhedonic rats showed an increased degree of amygdala and ventral hippocampus excitation. However, this co-morbid condition was additionally associated with an increase of excitation in the IL ([Figures 5c and f](#fig5){ref-type="fig"}), as was also found in the unaffected group ([Figures 5a and g](#fig5){ref-type="fig"}). This is in line with human imaging data, indicating that following trauma exposure both unaffected individuals and PTSD patients with co-morbid major depression respond to trauma reminders with greater mPFC activation in comparison to clear PTSD patients.^[@bib42]^ These anhedonic rats also showed a distinctive and prominent increased degree of excitation in the NAs, a key brain region for hedonic behavior.^[@bib28]^ Furthermore, only among this group a unique pattern of intra-regional disorganization was found, involving disordered co-activity between the sub-regions of both the mPFC and the NA. Although their PL activity coordinated with the dorsal hippocampus and NAc, their IL activity coordinated with the PAG and NAs ([Figure 6d](#fig6){ref-type="fig"}). Although purely descriptive, these alterations are in line with a recent suggestion regarding the role of stress-induced impairments in the mPFC and its limbic projections as mediators of stress susceptibility. According to this proposition, mPFC--BLA projections mediate stress-induced anxiety symptoms, whereas mPFC--NAc projections mediate the depression-like effects of social stress.^[@bib43]^ In addition to uncoordinated mPFC activity, the anhedonic phenotype co-activity matrix revealed a distinct separation between their hyper-excited amygdala and the rest of the network ([Figure 6d](#fig6){ref-type="fig"}). Such abnormal co-activity corresponds well with the cortico-amygdala feedback deficiencies suggested to mediate dysphoric emotions and symptoms of depression.^[@bib43]^ Furthermore, such a pattern seems to follow the 'high anxiety trait to depression\' hypothesis of Sandi and Richter-Levin.^[@bib29]^ According to this neurocognitive model for posttraumatic depression pathogenesis, among high anxiety trait individuals a sensitized amygdala and its enhanced reactivity to stress exposure can fundamentally disrupt mPFC functions. In turn, this will impair the mPFC effectiveness in restraining fear reactions and incite psycho-physiological alterations at the base of emotion processing. Sandi and Richter-Levin\'s model predicts that such a progressive spiral of disrupted regulation will gradually synergize the heightened fear memory with a negative mood bias, to result in long-term depressive dysfunction. Indeed, the anhedonic phenotype was found to be associated with a segregated mPFC inner-activity trend ([Figures 6c](#fig6){ref-type="fig"} and [7d](#fig7){ref-type="fig"}). In line with the model\'s predictions, the anhedonic phenotype showed a trend for enhanced reflexive fear behavior before the UWT exposure ([Figure 7a](#fig7){ref-type="fig"}), as well as a prominent decrease in the averaged preference for saccharin ([Figure 7b](#fig7){ref-type="fig"}), which gradually became evident after the UWT exposure (see [Supplementary Figure S3e](#sup1){ref-type="supplementary-material"}). Strikingly, only among these rats did the individual trait for fear response, before the UWT, related to the development of anhedonic behavior over time, accurately predicting its degree 1 month after the exposure ([Figure 7c](#fig7){ref-type="fig"}).

It was recently suggested that the diversity in behavioral responses, often observed in studies using rodent models of PTSD, should be directly addressed in order to better understand the pathophysiology of this disorder.^[@bib44]^ The current data strongly support this notion and demonstrate how an individual profiling approach can be used for discerning affected sub-groups in a rodent population. The current behavioral profiling approach adds to previous classifications both in referring to the behavior of the control population as the norm, as is the practice in human diagnosis, and by differentiating between different profiles of affected individuals. Importantly, combining this behavioral profiling with a network-level analysis uncovered distinct microanatomical correlates and co-activity patterns within the limbic systems of the different affected phenotypes.

It is important to note that the neuroanatomical correlates we found within the limbic system of the different phenotypes relayed on the assessment of c-Fos expression in non-GABAergic and GABAergic cells. As it was previously suggested that not all kinds of neurons may show c-Fos induction upon activation,^[@bib45]^ future studies of abnormal stress responses in rodents should consider the use of additional biochemical markers for different types of cells.

In recent studies,^[@bib31],\ [@bib44]^ behavioral categorization has already been employed to search for possible neural candidates that contribute to individual differences in stress response. For example, glucocorticoid receptor signaling in the hippocampus and amygdala was found to be significantly associated with extreme anxiety symptoms.^[@bib44]^ The current study did not examine specific neural targets and their association with exposure-related individual differences. However, the differences in maps of activation between exposed-unaffected individuals, anxious, fear-based individuals and co-morbid, fear-anhedonic individuals indicates that future studies aiming to reveal the neural base for individual differences in stress vulnerability, and stress response, would benefit from employing a profiling analysis as proposed here. Identifying vulnerable individuals, and different affected styles among stress exposed rodents, can promote the development of more personalized interventions that target specific behavioral and neuronal connectivity patterns. This can direct future translational research and help bridging the gap between rodent\'s behavior and human psychopathology.
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![One month after conditioning, averaged reactions to contextual reminders of underwater trauma (UWT) are increased, yet a profiling approach reveals a fundamental diversity in the individual responses of exposed rats. (**a**) Timeline of the experiment (see also [Supplementary Figure S1c](#sup1){ref-type="supplementary-material"}). Re-exposure to the water-associated zero maze (WAZM) test as a contextual reminder of UWT extensively affects anxious-like behavior. UWT rats (*n*=34) spent significantly less time (**b**) and traveled less distance (**c**) in the open arms of the maze, yet did not differ significantly from control rats (*n*=12) in the distance traveled in the closed arms (**d**). (**e**) UWT rats spent significantly more time freezing during the WAZM re-exposure. (**f**) UWT rats did not differ significantly from control rats in the average preference of saccharin. Black bars represent the groups mean±s.e.m.; \**P*\<0.05; \*\**P*\<0.01. (**g**) Individual profiling was conducted using the control\'s group distribution. The profiling criteria based on the 20th percentile (dashed gray line) of both anxious-like behaviors (a minimum of three affected criteria in panels **b**, **c**, **d** or **e**) and anhedonia assessment (**f**). The combined profiling classification identified two different categories of affected style among UWT rats, affected anxious (*n*=13), affected anhedonic (*n*=5) and an additional exposed-unaffected group (*n*=16). CSP, continuance saccharin preference assessment.](mp2015169f1){#fig1}

![Differential activation of medial prefrontal cortex (mPFC) and amygdala in the different phenotypes of underwater trauma (UWT) and control rats. (**a**) Diagram of analyzed regions. Labeled cells were quantified bilaterally and averaged from 3 × 30 μm sections per region. (**b**) An example of dual-colored immunohistochemical labeling for c-Fos expression (magenta) as a biochemical marker of cellular activation and GAD67 (green) as a biochemical marker of inhibitory GABAergic cells in the BLA. White arrows point to dual-labeled (DL) cells, co-expressing GAD67 and c-Fos, which are considered as activation of inhibition. (**c**) Differences in activation (total c-Fos-expressing cells) and activation of inhibition (DL cell count) in the sub-divisions of the mPFC between the different phenotypes of UWT and control rats. (**d**) Differences in activation and activation of inhibition in the BLA and CeA nuclei of the amygdala between the different phenotypes of UWT and control rats. Bars represent the groups mean±s.e.m. Significant Bonferroni *post-hoc* results with *P*\<0.05 are flagged as: \*different from control; \#different from unaffected; \$different from affected anxious; and &different from affected anhedonic. BLA, basolateral amygdala; CeA, central amygdala; IL, infralimbic cortex; PL, perilimbic cortex.](mp2015169f2){#fig2}

![Differential activation of dorsal and ventral hippocampus in the different phenotypes of underwater trauma (UWT) and control rats. (**a**) Differences in activation (total c-Fos-expressing cells) and activation of inhibition (dual-labeled (DL) cell count) in the dorsal hippocampus layers between the different phenotypes of UWT and control rats. (**b**) Differences in activation (total c-Fos expressing cells) and activation of inhibition (DL cell count) in the ventral hippocampus layers between the different phenotypes of UWT and control rats. Bars represent the groups mean±s.e.m. Significant Bonferroni *post-hoc* results with *P*\<0.05 are flagged as: \*different from control; \#different from unaffected; \$different from affected anxious; and &different from affected anhedonic. d/vCA1, dorsal/ventral cornus ammonis 1; d/vCA3, dorsal/ventral cornus ammonis 3; d/vDG, dorsal/ventral dentate gyrus.](mp2015169f3){#fig3}

![Differential activation in the periaqueductal gray and nucleus accumbens (NA) in the different phenotypes of underwater trauma (UWT) and control rats. (**a**) Differences in activation (total c-Fos-expressing cells) and activation of inhibition (dual-labeled (DL) cells count) in the NA layers between the different phenotypes of UWT and control rats. (**b**) Differences in activation and activation of inhibition in the dorsal and ventral regions of the periaqueductal gray between the different phenotypes of UWT and control rats. Bars represent the groups mean±s.e.m. Significant Bonferroni *post-hoc* results with *P*\<0.05 are flagged as: \*different from control; \#different from unaffected; \$different from affected anxious; and &different from affected anhedonic. IR, immunoreactive.](mp2015169f4){#fig4}

![Limbic patterns of activity shift in accordance with the behavioral response of underwater trauma (UWT) rats. Left panel: Significant effects for the type of response on intra-regional ratio of activity (non-GABAergic c-Fos count/dual-labeled (DL) count; See [Supplementary Table S1](#sup1){ref-type="supplementary-material"} for detailed comparisons). Right panels: Significant alterations in the degree of inhibitory activation (DL count normalized to control) and excitatory projections ((non-GABAergic c-Fos count−DL count) normalized to control; See [Supplementary Table S2](#sup1){ref-type="supplementary-material"} for detailed comparisons). (**a**) Unaffected rats, which went through the UWT but did not have an anxious-like response during the context re-exposure, show intra-regional ratio of activity that is rather similar to control (gray). In contrast, the affected anxious (**b**) and the co-morbid anhedonic rats (**c**) show intra-regional ratios of dominant excitation in the amygdala, ventral hippocampus and ventral periaqueductal gray (PAG). (**d**) The unaffected rats show an increase in the degree of inhibitory activation in the prelimbic cortex (PL), basolateral amygdala, dorsal cornus ammonis 3 (dCA3) and ventral dentate gyrus. In contrast to that, the affected anxious rats (**e**) show a decrease in the degree of inhibitory activation only in the ventral cornus ammonis 1, while the co-morbid anhedonic rats (**f**) show a decrease in the degree of inhibitory activation only in the PL and dCA3. (**g**) The unaffected rats show an increase in the degree of excitation in the infralimbic cortex. In contrast to that, the affected anxious rats (**h**) show an increase in the degree of excitation in the amygdala, ventral hippocampus and PAG. (**i**) The co-morbid anhedonic rats show an increase in the degree of excitation in the amygdala, ventral hippocampus, PAG and nucleus accumbens shell.](mp2015169f5){#fig5}

![Multidimensional scaling reveals different patterns of co-activity in the limbic network of trauma-exposed rats. Coordinated co-activity is represented by relative distance. Points that are close to each other represent simultaneous similarities in regional excitation. The descriptive matrices indicate that relative to (**a**) control (*n*=11, Stress=0.070, R-square (RSQ)=0.990), the exposure to a contextual reminder of UWT associates with a disseminated network. (**b**) Unaffected (*n*=14, Stress=0.044, RSQ=0.993). (**c**) Anxious (*n*=12, Stress=0.079, RSQ=0.971). (**d**) Anhedonic (*n*=5, Stress=0.068, RSQ=0.979). BLA, basolateral amygdala; CeA, central amygdala; DG, dentate gyrus; d/vCA1, dorsal/ventral cornus ammonis 1; d/vCA3, dorsal/ventral cornus ammonis 3; d/vDG, dorsal/ventral dentate gyrus; d/vPAG, dorsal/ventral periaqueductal gray; IL, infralimbic cortex; NAc, nucleus accumbens core; NAs, nucleus accumbens shell; PL, perilimbic cortex.](mp2015169f6){#fig6}

![Pretrauma anxiety relates to the posttrauma progression of anhedonic behavior only in the co-morbid anhedonic phenotype. This is in accordance with the predictions of the 'high anxiety trait to posttraumatic depression\' model of Sandi and Richter-Levin.^[@bib29]^ (**a**) Pretrauma anxiety-like behavior as measured by freezing during the context habituation on day 4 (F~(3,41)~=2.5, *P*=0.072). (**b**) Posttrauma hedonia as measured by the average preference for saccharin during the 4 weeks interval. Bars represent the groups\' mean±s.e.m. Significant Bonferroni post-hoc results with *P*\<0.01 are flagged as: \*\*different from control, unaffected and affected anxious. (**c**) The correlation between pretrauma freezing and posttrauma saccharin preference assessments (see also [Supplementary Figure S3e](#sup1){ref-type="supplementary-material"}). (**d**) The inter-relations within the medial prefrontal cortex (mPFC) and amygdala (Amy), as measured by the degree of excitation in their sub-regions in the different groups. Two-tailed Pearson tests, \**P*\<0.05; \*\**P*\<0.01. BLA, basolateral amygdala; CeA, central amygdala; IL, infralimbic cortex; PL, perilimbic cortex.](mp2015169f7){#fig7}
